In workers chronically exposed to cadmium and without signs of renal insufficiency, plasma proteins with molecular weight ranging from 11,800 to 450,000 are excreted in greater amount in urine. Increased urinary excretion of low and high molecular weight proteins can occur independently. Because of its greater stability in urine and provided a sensitive immunological technique is used, the determination of retinol-binding protein is a more practical and reliable test of proximal tubular function than 02-microglobulin.
In workers chronically exposed to cadmium and without signs of renal insufficiency, plasma proteins with molecular weight ranging from 11,800 to 450,000 are excreted in greater amount in urine. Increased urinary excretion of low and high molecular weight proteins can occur independently. Because of its greater stability in urine and provided a sensitive immunological technique is used, the determination of retinol-binding protein is a more practical and reliable test of proximal tubular function than 02-microglobulin.
The evaluation of renal function of workers removed from cadmium exposure indicates that cadmium-induced renal lesions, albeit of slow progression, are not reversible when exposures ceases. In workers chronically exposed to cadmium or removed from cadmium exposure, metallothionein in urine is directly correlated with cadmium in urine but not with cadmium in blood or years of cadmium exposure. The association between cadmium in urine and metallothionein in urine is independent of the status of renal function and the intensity of current exposure to cadmium.
Whereas the repeated IP injection of high doses of cadmium to rat gives rise to a mixed or tubular type proteinuria, the prolonged oral administration of cadmium results mainly in the development of a glomerular type proteinuria. The former is usually reversible after cessation of treatment whereas the latter is not. Circulating antiglomerular basement membrane antibodies have been found in man and in rat chronically exposed to cadmium. The pathogenic significance of this finding deserves further investigation.
In man, an increased urinary excretion of plasma proteins is usually the earliest detectable biological sign of chronic effect of cadmium on the kidney (1). It is well known that the tubular dysfunction induced by cadmium results in a marked urinary excretion of low molecular weight proteins among which 02-microglobulin has been the most investigated. We summarize in this paper several personal observations related to cadmium proteinuria in man and rat. In early 1970, when we started to investigate groups of workers exposed to cadmium in smelters and in a cadmium-nickel battery factory, we used to measure the total amount of proteins excreted in urine by a biuret method and to characterize the urinary proteins by gel electrophoresis (on agarose or on sodium dodecyl sulfate polyacrylamide) after about 100-fold concentration of urine. On electrophoresis, we noticed that some proteinuria had a gomerular-type pattern (i.e., proteinuria composed mainly of high molecular weight proteins as found in glomerular dysfunction); some had a tubular-type pattern (i.e., with electrophoretic bands corresponding to low molecular weight proteins) and some had a mixed-type pattern (2) .
The quantitative determination of specific pro- (3) (4) (5) .
Recently, we have again determined urinary proteins with molecular weight ranging from 11,800 up to 450,000 in 27 control and 31 cadmium-exposed workers. Their age ranged from 47 to 70 years (cadmium workers) and from 42 to 73 (control workers), respectively. A statistically significant increased urinary excretion of the four proteins measured was observed in cadmium workers ( Table 1 Hitherto, one of the most widely used tests for the early detection oftubular proteinuria induced by cadmium is the determination of urinary 2-microglobulin. Retinol-binding protein can also be used for the early detection of tubular dysfunction (6) . In urine samples immediately neutralized after collection, there is an excellent correla- tion between J2-microglobulin and retinolbinding protein concentration in urine (Fig. 1) .
The 02-microglobulin test presents, however, a major pitfall resulting from the instability of the protein in acid urine. When urinary pH drops below about 5.5, a time-and temperature-dependent degradation of the protein occurs. (Fig. 4) . mium by the SC or IP routes. These experiments cannot be considered as representative of the occcupational or environmental exposure of man to cadmium. Experiments were undertaken to test whether the mode of cadmium administration had any influence on the cadmium-induced proteinuria. Two different experimental models of cadmium proteinuria were developed. In one group of rats, cadium was given IP at the dose of 1 mg Cd/kg, 5 times/week for 2 months; in another group, cadmium was given orally (200 ppm in drinking water for 11 months). The concentration in urine of total protein was measured by the biuret method and the patterns of urinary proteins were studied by gel filtration on Sephadex G-75 and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Whereas the repeated IP injection of high doses of cadmium gave rise to a mixed (or in a few cases a tubular) type proteinuria, the prolonged oral administration of cadmium resulted mainly in the development of a glomerular type proteinuria (Fig. 5) . Furthermore, the proteinuria induced by repeated injection of high doses of cadmium was reversible following the cessation of treatment. On the contrary, the proteinuria induced by oral administration of 200 ppm cadmium for 11 months was not reversible (7) . During the 11 months of the PO experiment, there is an evident age-related decline of the renal function of -the rats. This decline which has been called chronic progressive nephrosis usually leads to the development of a glomerular proteinuria (10) . It is possible that in our PO experiment, the cadmium treatment has exacerbated the agerelated decline of renal function, favoring the development of a glomerular proteinuria.
Origin of Cadmium Proteinuria
Increased urinary excretion of 02-microglobulin and retinol-binding protein (free form, i.e., not bound to prealbumin) which passes freely through the glomerulus indicates generally a defect in reabsorption by the proximal tubule. In some cadmium workers, the plasma level of 12-microglobulin may be significantly increased, probably due to a glomerular defect and in this case, the urinary excretion of 02-microglobulin may not be related to the intensity of tubular dysfunction.
The glomerular type proteinuria can have different origins.
(1) In the advanced stage of cadmium poisoning, glomerular proteinuria may result from the loss of nephrons due to tubular-interstitial nephritis. We have observed, however, that high molecular weight proteinuria may be an early manifestation of the toxic effects of cadmium on the kidney.
(2) High molecular weight proteins present in tubular cells might be released if the cells are damaged by cadmium. Among the various high molecular weight proteins (albumin, transferrin, IgC, ferritin) that we have detected in excessive amount in urine of cadmium-exposed workers, we considered that this possibility only applies to ferritin. The quantity found in urine of some workers is quite high and, therefore, is unlikely to result from an increased glomerular permeability only.
(3) An incomplete reabsorption by the proximal tubule might also be responsible for an increased excretion of high molecular weight proteins. Our previous results indicating that in cadmium-exposed workers tubular and glomerular proteinuria can occur independently is not an argument against this hypothesis since it is known that different mechanisms are involved in the tubular reabsorption of low and high molecular weight proteins.
(4) Chronic cadmium exposure might also lead to an increased glomerular permeability. Cadmium could bind to the negatively charged components of the glomerular capillary wall and reduce the electrostatic restriction to polyanionic proteihis, such as albumin and ferritin. An immunological reaction as it has been described for inorganic mercury might also be involved. The recent finding of circulating anti-laminin antibodies in a few workers and in rats chronically exposed to cadmium offers some support to the latter hypothesis (Bernard et al., in preparation).
Conclusion
The studies summarized above suggest that long-term moderate exposure to cadmium may induce an increased urinary excretion of plasma proteins by two different mechanisms: a decreased tubular reabsorption and an increased glomerular permeability. Both mechanisms may, of course, be active concomitantly. The relative importance of both mechanisms may depend on the rate of cadmium absorption, the age of the exposed person and possibly his immunological background. Whatever the underlying mechanism of cadmium-induced proteinuria, our results clearly demonstrate the usefulness of evaluating the urinary excretion of both low and high molecular weight proteins in order to detect as early as possible any adverse effect of cadmium on the kidney.
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